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 2 

Abstract 15 

Group A Streptococcus (GAS; Streptococcus pyogenes) is a major human pathogen that 16 

causes streptococcal pharyngitis, skin and soft-tissue infections, and life-threatening 17 

conditions such as streptococcal toxic-shock syndrome. During infection, GAS not only 18 

invades diverse host cells, but also injects effector proteins such as NAD-glycohydrolase 19 

(Nga) into the host cells through a streptolysin O (SLO)-dependent mechanism without 20 

invading the cells; Nga and SLO are two major virulence factors that are associated with 21 

increased bacterial virulence. Here, we have shown that the invading GAS induces 22 

fragmentation of the Golgi complex and inhibits anterograde transport in the infected host 23 

cells through the secreted toxins SLO and Nga. GAS infection-induced Golgi fragmentation 24 

required both bacterial invasion and SLO-mediated Nga translocation into the host cytosol. 25 

The cellular Golgi network is critical for the sorting of surface molecules and thus is essential 26 

for epithelial barrier integrity and the immune response of macrophages to pathogens. In 27 

epithelial cells, inhibition of anterograde trafficking by invading GAS and Nga resulted in the 28 

redistribution of E-cadherin to the cytosol and an increase in bacterial translocation across the 29 

epithelial barrier. Moreover, in macrophages, interleukin-8 secretion in response to GAS 30 

infection was found to be suppressed by intracellular GAS and Nga. Our findings reveal a 31 

previously undescribed bacterial invasion-dependent function of Nga as well as a previously 32 

unrecognized GAS-host interaction that is associated GAS pathogenesis. 33 
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Importance 34 

Two prominent virulence factors of GAS, SLO and Nga, have been established to be linked to 35 

enhanced pathogenicity of prevalent GAS strains. Recent advances show that SLO and Nga 36 

are important for intracellular survival of GAS in epithelial cells and macrophages. Here, we 37 

found that invading GAS disrupt the Golgi complex in host cells by SLO and Nga. We 38 

showed that GAS-induced Golgi fragmentation requires bacterial invasion into host cells, 39 

SLO pore-formation activity, and Nga NADase activity. GAS-induced Golgi fragmentation 40 

resulted in the impairment of epithelial barrier and chemokine secretion in macrophages. This 41 

immune inhibition property of SLO and Nga by intracellular GAS indicates that the invasion 42 

of GAS is associated with virulence exerted by SLO and Nga.  43 

44 
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Introduction 45 

Group A Streptococcus (GAS; Streptococcus pyogenes) is a human-specific pathogen 46 

responsible for diverse diseases, ranging from pharyngitis and impetigo to life-threatening 47 

conditions such as necrotizing fasciitis and streptococcal toxic-shock syndrome (STSS) in 48 

which mortality rates are 30%–70% even with immediate antibiotic therapy and intensive care 49 

[1]. Therefore, GAS species are commonly referred to as “killer bacteria” or “flesh-eating 50 

bacteria,” and the ability of GAS to spread rapidly at the infection site and disseminate 51 

systemically indicates that the pathogen possesses robust mechanisms to resist the human 52 

innate immune response. 53 

The initial sites of GAS infection are the pharyngeal epithelia and the keratinocytes, 54 

and the pathogen invades deeper tissues through the paracellular pathway by degrading the 55 

junctional proteins. Although GAS is commonly regarded as an extracellular pathogen, GAS 56 

can invade epithelial cells, endothelial cells, and macrophages, and this cellular invasion has 57 

been reported to be associated with GAS pathogenesis [2-5]. However, several GAS strains 58 

excluding certain isolates are degraded through the endosomal pathway or autophagy and 59 

cannot survive for long periods inside the epithelial cells [6-11], and the importance of GAS 60 

invasion into host cells remains incompletely elucidated. 61 

Recent transcriptome evidence has revealed that highly virulent GAS strains exhibit 62 
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enhanced expression of two toxins, streptolysin O (SLO) and NAD-glycohydrolase (Nga) 63 

[12-14], which emphasizes a role for these toxins in GAS pathogenesis. SLO is a member of 64 

the family of cholesterol-dependent cytolysins that bind to the cholesterol-containing 65 

membranes, oligomerize, and insert into the lipid bilayer to form pores [15-17]. SLO not only 66 

induces the necrosis of neutrophils through pore formation [17,18], but also translocates the 67 

effector protein Nga into the host cytosol in a pore-formation independent manner and 68 

thereby promotes intracellular survival in macrophages and epithelial cells [19-21]. Nga 69 

hydrolyzes NAD into nicotinamide and ADP-ribose and thus depletes intracellular NAD 70 

pools and causes ATP depletion in cells. Accordingly, Nga has been reported to inhibit the 71 

acidification of phagosomes or autolysosomes potentially through ATP depletion in 72 

macrophages and keratinocytes [9,22]. Moreover, Nga inhibits the canonical autophagy 73 

pathway to promote bacterial survival in epithelial cells [23], Nga extracellularly inhibits 74 

interleukin (IL)-1β production [21], and nicotinamide potently inhibits the secretion of 75 

proinflammatory cytokines from monocytes [24]. These lines of evidence have established 76 

that SLO and Nga enable GAS to persist within host cells and modulate immune responses, 77 

and these effects are considered to be exerted by Nga activity itself. 78 

 Pathogenic bacteria evade host defenses by subverting the host signaling pathways 79 

through several distinct and sophisticated mechanisms [25,26]. For example, Legionella 80 

pneumophila, Chlamydia trachomatis, and Burkholderia thailandensis secrete the 81 
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SET-domain-containing proteins that methylate histones to alter the chromatin landscape of 82 

the host cell [27-29] and thus promote the intracellular proliferation of bacteria. Salmonella 83 

Typhimurium, Legionella spp., and Brucella spp. modulate host membrane dynamics to allow 84 

the bacteria to form replication-permissive vacuoles [25]. Enteropathogenic Escherichia coli 85 

and Shigella flexneri target the Golgi network, the ER, and the eukaryotic secretory pathway 86 

to suppress the host defenses [30,31]. Here, to uncover the previously unrecognized GAS-host 87 

interactions, we examined the organelle morphology in host cells during GAS infection, 88 

which revealed that GAS infection triggers the fragmentation of the Golgi complex. We 89 

determined that SLO and Nga were responsible for this effect, and further that both 90 

SLO-mediated Nga translocation and bacterial invasion into host cells were required for 91 

disrupting the Golgi network. Inhibition of the Golgi network resulted in the loss of not only 92 

epithelial integrity, but also IL-8 secretion by macrophages in response to GAS infection. 93 

 94 

 95 

96 
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Results 97 

Golgi apparatus is fragmented during GAS infection 98 

Because intracellular signaling and vesicular trafficking are closely associated with organelles, 99 

disruptions of host functions frequently result in alterations of the organelle morphology, 100 

Therefore, we examined the mechanism by which GAS infection affects the intracellular 101 

vesicular or signaling networks: We infected the HeLa cells with GAS JRS4 strain, an M6 102 

strain that efficiently invades host cells, immunostained the cells for a series of organelle 103 

marker proteins, and examined and compared the morphology of the mitochondria, ER, 104 

cis-Golgi, and trans-Golgi before and after infection. Notably, the infection produced overt 105 

morphological changes in the mitochondria and in the cis/trans-Golgi (Fig. S1). During GAS 106 

infection, the normal tubular network of the mitochondria was fragmented into short rods or 107 

spheres, and the typical ribbon-like structure of the Golgi complex was also fragmented into 108 

punctate structures and dispersed throughout the cytoplasm (Fig. S1). We have previously 109 

reported that GAS invasion triggers apoptotic signaling, which causes mitochondrial 110 

fragmentation [32]. Thus, in the present study we examined the Golgi fragmentation during 111 

GAS infection in more detail. To test whether this infection-induced Golgi fragmentation was 112 

observed in different cell types, we used GAS JRS4 for infecting the lung epithelial cells 113 

(A549 cells), the human keratinocytes (HaCat cells), the primary dermal keratinocytes 114 

(normal human epidermal keratinocytes; NHEKs), the human umbilical vein endothelial cells 115 
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(HUVECs), and a human monocyte leukemia cell line (THP-1). JRS4 infection fragmented 116 

the Golgi structures, which then appeared dispersed throughout the cytoplasm in all types of 117 

the cells tested (Fig. 1A). We also infected these cells with two other GAS strains: NIH45, a 118 

serotype M28 and an invasive strain isolated from an STSS patient; and 4944, an epidemic 119 

serotype M89 clade-3 strain. Both the GAS strains also clearly caused Golgi fragmentation in 120 

all the cells examined (Fig. 1A). 121 

 To quantify the aforementioned phenotype, we measured the number and the area of 122 

Golgi fragments positive for the marker GM130; we found that the JRS4-infected cells 123 

harbored >20 Golgi elements, each with an area of 0.3 μm
2
–0.6 μm

2
 (Fig. 1B). We next 124 

defined cells containing >15 Golgi elements featuring an area of 1.0 μm
2
 as the 125 

Golgi-fragmented cells, and we found that the Golgi-fragmentation efficiencies were similar 126 

among the GAS strains (Fig. 1C); >90% of the infected HeLa cells, the HUVECs, and the 127 

THP-1 cells exhibited Golgi fragmentation at 4 h post-infection, whereas 40%–60% of the 128 

HaCat and the A549 cells and the NHEKs showed Golgi fragmentation (Fig. 1C). 129 

To examine the time course of the changes in the Golgi apparatus structure during 130 

GAS infection, we expressed the EmGFP-tagged FAPP1 (a Golgi-resident protein) in cells 131 

and performed time-lapse imaging during the infection. In live-cell microscopy, the Golgi 132 

fragmentation process was detected at 2–3 h post-infection (Fig. 1D). 133 

 Golgi fragmentation has been reported in apoptotic cells [33]. Thus, to examine 134 
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whether the infection-induced fragmentation here was caused by apoptotic signaling, we 135 

inhibited apoptotic signaling by overexpressing the antiapoptotic protein Bcl-2 [34]; ~90% of 136 

the Bcl-2-expressing GAS-infected cells exhibited Golgi fragmentation (Fig. S2A). Moreover, 137 

this fragmentation was also not inhibited when infected cells were treated with the 138 

pan-caspase inhibitor Z-VAD-FMK (an inflammatory-caspase inhibitor) (Fig. S2B). These 139 

results suggest that apoptotic signaling may not be involved in the Golgi fragmentation that 140 

occurs during GAS infection. Collectively, our findings suggest that GAS infection trigger the 141 

fragmentation of the Golgi apparatus in various types of human cells. 142 

SLO and Nga are critical for GAS-induced Golgi fragmentation 143 

Pathogenic bacteria inject virulence effector proteins into the host cells to modulate host 144 

cellular processes. GAS can deliver effector proteins across the host plasma membrane or the 145 

endosomal membrane to modulate host signaling by cytolysin-mediated translocation (CMT) 146 

that uses pore-forming cytolysin SLO. Therefore, to examine whether SLO functions in the 147 

infection-induced Golgi fragmentation described above, we infected the HeLa cells with a 148 

SLO-deficient mutant (Δslo). Infection with JRS4 Δslo did not induce Golgi fragmentation, 149 

whereas complementation with the gene slo completely rescued the phenotype (Fig. 2A and 150 

2B). Moreover, JRS4 SLO
Y255A

, a mutant that lacks the pore-forming activity of SLO [20], 151 

failed to induce Golgi fragmentation (Fig. 2A and 2B), which indicates that GAS-induced 152 

Golgi fragmentation involves the pore-forming activity of SLO during infection. 153 
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 SLO is expressed from an operon that also encodes Nga, SLO is necessary for Nga 154 

translocation into the host cells [19]. To ascertain whether Nga was also required for 155 

GAS-induced Golgi fragmentation, or whether SLO pore-forming activity directly triggered 156 

the fragmentation, we examined the Golgi morphology in the cells infected with JRS4 Δnga 157 

and Δnga::nga (nga-complemented strain). The Golgi structures in the Δnga-infected cells 158 

but not the Δnga::nga-infected cells were found to be compact, and quantification of the 159 

Golgi signals indicated that nga was critical for GAS-induced Golgi fragmentation (Fig. 2A 160 

and 2B). We also confirmed that SLO and Nga were crucial for the Golgi fragmentation 161 

induced by the strain NIH35 (Fig. S3A and S3B). 162 

To test whether the NADase activity of Nga was responsible for the Golgi 163 

fragmentation, we infected cells with the strain JRS4 Nga
R289K/G330D

; the mutations in Nga in 164 

the present study abolished the NADase activity of the effector [35]. Although JRS4 165 

Nga
R289K/G330D

 can invade the host cytosol [23], we observed no alteration of the Golgi 166 

structure during JRS4 Nga
R289K/G330D

 infection (Fig. 2A and 2B). Taken together, these data 167 

indicate that SLO pore-forming activity and Nga NADase activity are required for 168 

GAS-induced Golgi fragmentation. 169 

GAS invasion is required for Nga-mediated Golgi fragmentation during infection 170 

We next examined whether Golgi fragmentation was triggered by extracellular GAS. Because 171 
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GAS JRS4 requires fibronectin-binding protein (FBP) for invading host cells [36], we 172 

constructed the strain JRS4 Δfbp and infected the HeLa cells with this mutant; moreover, to 173 

monitor GAS invasion into the host cytosol, we expressed mCherry-Galectin-3, which serves 174 

as a marker of damaged vacuoles when invasive pathogens escape into the cytosol [37]. Our 175 

results confirmed that JRS4 Δfbp were unable to invade the HeLa cells (Fig. 3A). Next, we 176 

tested whether JRS4 Δfbp translocates Nga into the cytosol by analyzing NADase activity, 177 

assessed based on the NAD consumption, in the cytosol of the HeLa cells after infection. As 178 

hypothesized, after infection with the JRS4 wild-type and the Δfbp strains, we measured 179 

comparable levels of NADase activity in the cytosol of the HeLa cells, which demonstrated 180 

that Nga was translocated across the host cell membrane even during infection with JRS4 181 

Δfbp (Fig. 3B). Unexpectedly, however, JRS4 Δfbp failed to induce Golgi fragmentation (Fig. 182 

3C). These results suggested that Golgi fragmentation require not only SLO secretion and 183 

Nga translocation into the cytosol, but also require GAS invasion into the host cells. 184 

 To exclude the possibility that FBP itself may be critical for the signaling that 185 

induces Nga-mediated Golgi fragmentation, we treated the cells with cytochalasin D (cytD) to 186 

inhibit GAS invasion; cytD treatment does not affect SLO-mediated translocation of Nga [21]. 187 

Notably, cytD treatment markedly suppressed Golgi fragmentation during JRS4 infection (Fig. 188 

S4). Together, these results showed that both GAS invasion and SLO-mediated injection of 189 

Nga into the host cells were critical for GAS-induced Golgi fragmentation. 190 

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted July 17, 2020. ; https://doi.org/10.1101/2020.07.16.207894doi: bioRxiv preprint 

https://doi.org/10.1101/2020.07.16.207894


 12 

GAS impairs anterograde transport pathway 191 

The Golgi apparatus functions in mediating protein and lipid modifications, transport, and 192 

sorting. To assess whether the post-Golgi secretion pathway was inhibited by GAS, we 193 

examined anterograde transport by using the RUSH (Retention Using Selective Hooks) 194 

system [38]. In our assay, E-cadherin was fused to a streptavidin-binding peptide (SBP) and 195 

EGFP and coexpressed with Streptavidin-KDEL, which localizes in the ER. Under normal 196 

conditions, interaction of the SBP-EGFP-E-cadherin with Streptavidin-KDEL in the ER 197 

prevented the transport of the fusion protein to the plasma membrane (Fig. S5). However, 198 

after the addition of biotin, which competes with the SBP tag for streptavidin binding, the 199 

SBP-EGFP-E-cadherin was released from the ER and transported to the plasma membrane 200 

through the Golgi complex in the non-infected cells, and the E-cadherin that was normally 201 

trafficked to the plasma membrane was detected by immunostaining for EGFP without 202 

membrane permeabilization (Fig. 4A). By contrast, in the JRS4-infected cells, the 203 

SBP-EGFP-E-cadherin exhibited punctate localization and the surface-EGFP signal was 204 

rarely detected (Fig. 4A). Quantification of the surface-EGFP signal revealed that anterograde 205 

trafficking of E-cadherin was abolished in the JRS4-infected cells (Fig. 4B). We also infected 206 

cells with Δslo, Δnga, Δnga::nga, and Nga
R289K/G330D

 mutants, and we found that while Δslo, 207 

Δnga, and Nga
R289K/G330D

 did not affect anterograde trafficking, Δnga::nga infection inhibited 208 

the trafficking as effectively as that by the JRS4 wild-type infection (Fig. 4A and 4B). 209 
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Collectively, these results suggest that the Golgi fragmentation is caused by the invading GAS 210 

and the effector Nga results in the defect in the host-cell anterograde trafficking. 211 

Invading GAS and effector Nga disrupt epithelial integrity 212 

E-cadherin is critical for the cell-cell adhesion that holds epithelial cells tightly together, and 213 

thus E-cadherin is a crucial molecule for the maintenance of the epithelial barrier. GAS can 214 

translocate across epithelial barriers by degrading junctional proteins, including E-cadherin 215 

[39]. Therefore, we examined whether the inhibition of anterograde trafficking by Nga affects 216 

E-cadherin localization and the ability of GAS to translocate across epithelial monolayers. 217 

Because the GAS protease SpeB degrades E-cadherin, we used a JRS4 strain that was 218 

defective in SpeB expression. Immunostaining of the HaCat cells revealed that while 219 

E-cadherin was confined to the cell membrane in the non-infected cells and in cells infected 220 

with the strain Nga
R289K/G330D

, E-cadherin was present in substantial amounts in the cytoplasm 221 

in the JRS4-infected cells (Fig. 5A); this result suggests that the trafficking of endogenous 222 

E-cadherin to the cell membrane may be impaired by the Nga derived from the invading GAS. 223 

Furthermore, the HaCat cells treated with brefeldin A (BFA), which inhibits ARF and induces 224 

Golgi fragmentation [40], also exhibited E-cadherin redistribution similar to that induced by a 225 

JRS4 infection (Fig. 5A). We also examined the total E-cadherin level in cells and found that 226 

JRS4 infection did not affect the cellular E-cadherin amounts (Fig. 5B). These results suggest 227 

that Nga may not degrade E-cadherin but may alter the subcellular localization of E-cadherin 228 

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted July 17, 2020. ; https://doi.org/10.1101/2020.07.16.207894doi: bioRxiv preprint 

https://doi.org/10.1101/2020.07.16.207894


 14 

during GAS infection. 229 

 Redistribution of E-cadherin in the GAS-infected cells may increase bacterial 230 

translocation through the paracellular pathway. Because the HaCat, the A549, and the HeLa 231 

cells exhibit unstable junctional integrity, as indicated by their measured transepithelial 232 

electrical resistance (TER) [41], these epithelial cells are not suitable for assessing GAS 233 

translocation. Thus, for assaying GAS translocation, we selected the polarized Caco-2 cells, 234 

which are widely used as an in vitro model of the epithelial barrier and have been previously 235 

used in experiments on GAS translocation [39,42]. We confirmed that GAS infection induced 236 

Golgi fragmentation even in Caco-2 monolayers (Fig. S6). The apical surface of the Caco-2 237 

monolayers was infected with either the JRS4 wild-type or the JRS4 Δslo, Δnga, Δnga::nga, 238 

or Nga
R289K/G330D

 mutant for 1 h, and the bacteriostatic agent trimethoprim was added to 239 

inhibit the additional growth of extracellular bacteria and translocated bacteria. At 6 h 240 

post-infection, translocated bacteria were examined using the colony formation assay. 241 

Relative to the JRS4 wild-type, the mutants Δslo, Δnga, and Nga
R289K/G330D

 exhibited 242 

markedly diminished translocation efficiency, whereas Δnga::nga showed comparable 243 

translocation efficiency (Fig. 5C). These results suggest that SLO and Nga facilitate GAS 244 

translocation across epithelial monolayers, perhaps by disrupting intracellular trafficking. 245 

Invading GAS inhibits IL-8 secretion by using Nga 246 

GAS infection-induced Golgi fragmentation was also observed in the differentiated THP-1 247 
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cells (Fig. 1A), and this fragmentation occurred through an Nga-dependent mechanism (Fig. 248 

6A). Because macrophages produce the chemokine IL-8 in response to bacterial infection, we 249 

next determined whether invading GAS inhibited IL-8 secretion by using Nga. The 250 

differentiated THP-1 cells secreted IL-8 in response to infection by Δslo, Δnga, and 251 

Nga
R289K/G330D

 but not JRS4 wild-type or Δnga::nga (Fig. 6B), which suggests that SLO and 252 

Nga may inhibit IL-8 secretion by macrophages. Moreover, the invasive GAS strain NIH35 253 

blocked IL-8 secretion through an SLO- and an Nga-dependent mechanism (Fig. 6B). To 254 

exclude the possibility that the lack of IL-8 production may be due to the suppression of IL-8 255 

expression by SLO and Nga during GAS infection, we examined IL-8 secreted from the 256 

LPS-primed macrophages. The LPS-induced secretion of IL-8 was also inhibited by SLO and 257 

Nga (Fig. 6C), which indicates that the IL-8 secretion process was blocked by Nga during 258 

GAS infection. 259 

260 
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Discussion 261 

Within bacterium-infected cells, highly complex interactions occur between the host 262 

immune-system components and the bacterial pathogen, and unique molecular dynamics are 263 

frequently observed [25]. We discovered in the present study that GAS invasion induced the 264 

fragmentation of the Golgi complex and inhibited the anterograde transport in an SLO- and an 265 

Nga-dependent manner. Notably, although GAS was found to translocate Nga into the host 266 

cytosol through an SLO-dependent mechanism without invading the host cell, a noninvasive 267 

GAS mutant (JRS4 Δfbp) did not trigger Golgi fragmentation. These results uncovered a 268 

previously unknown function of Nga that this effector protein performs in conjunction with 269 

other effectors and/or the GAS invasion process. 270 

To our knowledge, this is the first report that GAS invasion disrupts the Golgi 271 

complex and the post-Golgi secretory pathway. The Golgi complex functions in sorting and 272 

trafficking in the central vacuolar system, and the Golgi apparatus and Golgi-associated 273 

trafficking have been widely reported to be affected by bacterial infection [25]. For example, 274 

during Shigella infection, the Shigella effector protein IpaB induces cholesterol relocation and 275 

disrupts the Golgi complex and anterograde and retrograde transport [30]; these modifications 276 

lead to the disruption of the host epithelial barrier and are associated with Shigella 277 

pathogenesis. We showed in the present study that GAS Nga activity also inhibited 278 

E-cadherin trafficking to the plasma membrane. E-cadherin promoted the cell-to-cell adhesion 279 
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and integrity of the epithelial barrier, and, accordingly, GAS translocation across epithelial 280 

monolayers was suppressed by the knockout of slo or nga. Sumitomo et al have reported that 281 

streptolysin S and a cysteine protease contribute to bacterial translocation by perhaps directly 282 

destabilizing intercellular junction proteins such as E-cadherin [39,42,44]. Our data suggest 283 

that invading GAS may support the translocation of extracellular GAS and may facilitate 284 

invasion into deeper tissues. 285 

Intriguingly, VirA from S. flexneri and EspG from enteropathogenic E. coli directly 286 

inactivate Rab1 and disrupt ER-to-Golgi trafficking in cells, and this disruption of the host 287 

secretory pathway results in the inhibition of IL-8 secretion from the infected cells [31]; this 288 

suggests that the impairment of the post-Golgi secretory pathway may be linked to the 289 

attenuation of the inflammatory response. Lethal necrotizing fasciitis caused by GAS is 290 

characterized by the presence of few neutrophils at the infection site, and GAS expresses a 291 

secretory protein that degrades IL-8, which is crucial for neutrophil transmigration and 292 

activation [45-49]. Thus, the absence of anterograde transport in GAS-invaded cells likely 293 

contributes to the GAS pathogenesis. Recently, newly emergent clade-associated strains of 294 

serotype M89 (M89 clade-3 strains) continue to be recognized as a cause of invasive diseases 295 

worldwide, and these strains were found to be genetically acapsular and thus incapable of 296 

producing the hyaluronic acid capsule [13,50]. Because the hyaluronic acid capsule is a 297 

critical virulence factor required for evading phagocytosis or endocytosis by host cells [51,52], 298 

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted July 17, 2020. ; https://doi.org/10.1101/2020.07.16.207894doi: bioRxiv preprint 

https://doi.org/10.1101/2020.07.16.207894


 18 

dissemination of these strains may be associated with the ability to invade host cells; however, 299 

the precise mechanism by which the acapsular characteristics influence the pathogenesis of 300 

these strains remains unknown. Although the expression of SLO and Nga is enhanced in M89 301 

clade-3 strains, clade-associated and non-clade-associated M89 strains exhibit comparable 302 

intracellular survival [13,50]. Therefore, a previously unrecognized function of the Nga 303 

derived from intracellular GAS that suppresses host immune responses may be associated 304 

with the pathogenicity of the M89 clade-3 strains. 305 

GAS invasion and the effector Nga are visibly linked to the morphological and the 306 

functional destruction of the Golgi complex, but the molecular mechanism underlying this 307 

process has remained unclear. Unexpectedly, we found that the GAS JRS4 Δfbp, which can 308 

inject Nga into the host cytosol, did not induce Golgi fragmentation; this suggested that Nga 309 

alone may be insufficient for inducing the fragmentation. Although the proteins and/or events 310 

that function in Nga-dependent Golgi fragmentation during GAS invasion remain to be 311 

identified, the fragmentation was observed in all GAS strains tested, which indicates that 312 

certain common characteristics shared among the strains are involved in producing this 313 

phenotype. Our time-lapse imaging analysis revealed that Golgi fragmentation occurred 314 

starting from 2 h–3 h post-infection, which coincides with the time of GAS invasion into the 315 

cytoplasm. Therefore, we hypothesize that the unidentified molecules secreted from GAS 316 

may be involved in the Golgi fragmentation. 317 
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In summary, our findings indicate that GAS infection disrupts the Golgi-related 318 

network in host cells through the effector Nga and intracellular GAS, which then enables the 319 

translocation of GAS across epithelial barriers and the inhibition of IL-8 secretion by 320 

macrophages in vitro. Further investigation aimed at identifying other GAS molecules 321 

responsible for the Golgi fragmentation will enhance our understanding of the pathogenicity 322 

of GAS. 323 

324 
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Methods 325 

Bacterial strains and infection 326 

GAS strains JRS4, NIH35, and 4944 were grown in Todd-Hewitt broth supplemented with 327 

0.2% yeast extract (THY) at 37C. The isogenic mutant strains JRS4 Δslo, JRS4 Δnga, JRS4 328 

Δnga::nga, and JRS4 Nga
R289K/G330D

 have been described previously [53]. JRS4 Δfbp, NIH35 329 

Δslo, and NIH35 Δnga were constructed using a two-step allele exchange by a method 330 

described previously. Overnight cultures were reinoculated in fresh THY and grown to the 331 

exponential phase (OD600: 0.7–0.8), collected by centrifugation, and diluted with cell culture 332 

media before use. Cell cultures in media without antibiotics were infected for 1 h with GAS at 333 

a multiplicity of infection (MOI) of 100. Infected cells were washed with phosphate-buffered 334 

saline (PBS) and treated with 100 μg/mL gentamicin for an appropriate period to kill the 335 

bacteria that were not internalized. 336 

Cell culture 337 

HeLa, A549, and THP-1 cell lines were purchased from ATCC; HaCat cell line was a gift 338 

from Dr. Kabashima; HUVECs and NHEKs were purchased from PromoCell; and Caco-2 339 

cells were purchased from the Riken Cell Bank. HeLa and A549 cells were maintained in the 340 

Dulbecco’s modified Eagle’s medium (Nacalai Tesque) supplemented with 10% fetal bovine 341 

serum (FBS; Gibco) and 50 μg/mL gentamicin (Nacalai Tesque), and the THP-1 cells were 342 

cultured in RPMI 1640 medium (Nacalai Tesque) supplemented with 10% FBS and 50 μg/mL 343 
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gentamicin. THP-1 cells were differentiated into macrophages by stimulating them with 50 344 

ng/mL phorbol 12-myristate for 72 h. HUVECs were maintained in Endothelial Cell Growth 345 

Medium 2 Kit (PromoCell) supplemented with 10% FBS and 50 μg/mL gentamicin; NHEKs 346 

were cultured in Keratinocyte Growth Medium 2 Kit (PromoCell); and Caco-2 cells were 347 

maintained in minimum essential medium (Wako) supplemented with 10% FBS and 50 348 

μg/mL gentamicin. Cells were incubated in a 5% CO2 incubator at 37C. 349 

Fluorescence microscopy 350 

Immunofluorescence analysis was performed using these antibodies: anti-TOMM20 351 

(ab78547; Abcam, 1:100), anti-calnexin (610524; BD Transduction Laboratories, 1:100), 352 

anti-GM130 (610822; BD Transduction Laboratories, 1:100), anti-TGN46 (13573-1-AP; 353 

Proteintech, 1:100), anti-GFP (GF200; 04363-24; Nacalai Tesque, 1:100), anti-E-cadherin 354 

(24E10; 3195; Cell Signaling Technology, 1:100), and anti-TOM20 (F-10; sc-17764; Santa 355 

Cruz Biotechnology, 1:100). The secondary antibodies used were anti-mouse or anti-rabbit 356 

IgG conjugated to Alexa Fluor 488 or 594 (#A32723, #A32742, #A32731, #A32740; 357 

Invitrogen). Cells were washed with PBS, fixed with 4% paraformaldehyde (PFA) in PBS (15 358 

min), permeabilized with 0.1% Triton in PBS (10 min), washed with PBS, and blocked (room 359 

temperature, 1 h) with a skim milk solution (5% skim milk, 2.5% goat serum, 2.5% donkey 360 

serum, and 0.1% gelatin in PBS) or a BSA solution (2% BSA and 0.02% sodium azide in 361 

PBS). Next, the cells were probed (room temperature, 1 h) with the primary antibodies diluted 362 
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in a blocking solution, washed with PBS, and labeled with the appropriate secondary antibody. 363 

To visualize bacterial and cellular DNA, cells were stained with 364 

4′,6-diamidino-2-phenylindole (DAPI; Dojindo). Confocal fluorescence micrographs were 365 

acquired using an FV1000 laser-scanning microscope (Olympus). 366 

Plasmids, transfection, and reagents 367 

Human FAPP1 cDNA was PCR-amplified from the HeLa cell total mRNA and cloned into 368 

pcDNA-6.2/N-EmGFP-DEST (for N-terminal tagging) by using the Gateway (Invitrogen) 369 

cloning technology as described previously [54]. Str-KDEL_TNF-SBP-EGFP was purchased 370 

from Addgene (Plasmid #65278). Polyethylenimine (Polysciences) and Lipofectamine 3000 371 

(Invitrogen) were used for transfection. Z-VAD-FMK was purchased from Promega. 372 

Measurement of NADase activity 373 

HeLa cells seeded at 1.5 × 10
5
 cells/well in 24-well plates were infected with the GAS strains 374 

for 3 h without killing of extracellular bacteria by gentamicin. Infected HeLa cells were 375 

scrapped with chilled PBS, pooled with debris, and lysed in sterile water. The whole-cell 376 

lysates were cleared from the membrane fraction by centrifugation at 20,300 × g for 30 min at 377 

4C to obtain the cytosolic fraction, which was diluted 2-fold with 2× PBS. NAD
+
 (Nacalai 378 

Tesque) was added to the cytosolic fraction at 1 mM and the mixtures were incubated at 37C 379 

for 3 h. To develop reactions, NaOH (5 N) was added to the reaction mixtures, which were 380 

then incubated in the dark at room temperature for 30 min. Samples were analyzed by using a 381 
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Wallac ARVO SX Multilabel Counter (Perkin Elmer) at 340-nm excitation/460-nm emission 382 

to examine the fluorescence intensity of the remaining NAD
+
. NAD

+
 hydrolysis levels in 383 

lysates from the wild-type GAS-infected cells and the non-infected cells were set to 384 

correspond to 100% and 0% NADase activity, respectively. 385 

RUSH assay 386 

To assess anterograde transport, the HeLa cells were transfected with the RUSH plasmid 387 

(Streptavidin-KDEL_E-cadherin-SBP-EGFP), and at 24 h post-transfection, cells were 388 

infected with GAS strains as described above. After infection for 2 h, 40 μM biotin (Nacalai 389 

Tesque) was added to the cells, and after incubation for 1 h, the cells were fixed with 4% PFA 390 

(15 min) and immunostained with anti-GFP antibody without permeabilization. Images were 391 

acquired using confocal microscopy and analyzed using an ImageJ software. Regions 392 

corresponding to the transfected cells were drawn and the average intensity of surface 393 

anti-GFP staining in these regions was determined; >20 cells were analyzed under each 394 

condition and three independent experiments were performed. 395 

Translocation assay 396 

Caco-2 cells were seeded at 2 × 10
5
 cells/well onto polycarbonate Millicell culture-plate 397 

inserts (12-mm diameter, 3-μm pore size; Millipore) and cultured for 5 days. To determine the 398 

Caco-2-cell monolayer integrity, the TER of the monolayers on the filter was measured using 399 

a Millicell-ERS device (Millipore), and monolayers with measured TER values of 450–500 400 
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Ω/cm
2
 were used in experiments. After the polarized monolayers were infected for 1 h with 401 

GAS (MOI = 10), the non-adherent bacteria were removed by washing the upper chamber 402 

with PBS, and the medium was switched to medium containing trimethoprim to inhibit the 403 

additional growth of GAS. The ability of GAS to translocate across monolayers was assessed 404 

through quantitative culturing of the medium: Each medium sample obtained from the lower 405 

chamber at 6 h post-infection was serially diluted and plated on THY agar plates to determine 406 

colony forming unit (CFU) values. 407 

Chemokine and cytokine secretion 408 

THP-1 cells were seeded at 2 × 10
5
 cells/well in 24-well plates and differentiated for 72 h. 409 

After infection with GAS for 4 h, the supernatant was collected and centrifuged, and the IL-8 410 

released into the supernatant was quantified by using a human IL-8 ELISA kit (Proteintech) 411 

according to manufacturer instructions. 412 

Statistical analysis 413 

Values, including plotted values, represent means ± standard error of the mean (SEM). Data 414 

were tested using the two-tailed Student’s t-test, and P < 0.05 was considered significant (*P 415 

< 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001; ns, not significant). GraphPad Prism 8 416 

was used for statistical analyses. 417 

 418 

419 
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Figure legends 585 

Fig. 1 GAS induces Golgi fragmentation in infected host cells. 586 

(A and B) The Golgi structure during GAS infection. Cells were infected with indicated GAS 587 

strains for 4 h, fixed, and immunostained for the Golgi marker GM130 (red). Cellular and 588 

bacterial DNA DNA was stained with DAPI (cyan). Representative confocal images (A) and 589 

quantification of the Golgi and nucleus signals (B). (C) Quantification of the 590 

Golgi-fragmented cells that showed > 15 Golgi elements that is < 1 μm
2
. (D) 591 

EmGFP-FAPP1-expressing HeLa cells were infected with GAS JRS4. Confocal images were 592 

captured at indicated time after infection. Scale bars, 10 μm. Data in B and C represent 593 

individual values (dots) (n > 20 cells per condition) and the mean (magenta line) ± SEM of 594 

independent experiments. P-values calculated by two-tailed Student’s t-test. **P < 0.01, ***P 595 

< 0.001, ****P < 0.0001; ns, not significant. 596 

Fig. 2 The Golgi fragmentation during GAS infection requires SLO and Nga. 597 

(A and B) HeLa cells were infected with indicated GAS strains for 4 h, fixed, and 598 

immunostained for GM130 (magenta). Representative confocal images (A), and 599 

quantification of the cells with fragmented Golgi during infection (B). Scale bars, 10 μm. 600 

Data in B represents individual values (dots) (n > 20 cells per condition) and the mean 601 

(magenta line) ± SEM of independent experiments. P-values calculated by two-tailed 602 

Student’s t-test. ****P < 0.0001. 603 
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Fig. 3 GAS invasion is necessary for Nga-mediated Golgi fragmentation. 604 

(A) HeLa cells transiently expressing mCherry-galectin-3 (GAL3) were infected with JRS4 605 

wild-type or Δfbp mutant for 4 h. mCherry-GAL3-positive Δfbp was not observed. (B) 606 

NADase activity was assessed by measuring NAD consumption in the cytosolic fractions of 607 

infected cells. (C) HeLa cells were infected with indicated GAS strains for 4 h, fixed, and 608 

immunostained for GM130 (magenta). Scale bars, 10 μm. Data in B and C represent 609 

individual values (dots) (n > 20 cells per condition) and the mean (magenta line) ± SEM of 610 

independent experiments. P-values calculated by two-tailed Student’s t-test. ****P < 0.0001; 611 

ns, not significant. 612 

Fig. 4 GAS inhibits anterograde transport through SLO and Nga. 613 

(A) Anterograde trafficking was inhibited in GAS infected cells. HeLa cells expressing 614 

Streptavidin-KDEL and SBP-EGFP-E-cadherin were infected with GAS strains. Cells were 615 

infected with GAS for 2 h, and then incubated for 1 h with biotin to observe the traffic of 616 

SBP-EGFP-E-cadherin to the plasma membrane. Cells were then fixed and the surface 617 

E-cadherin was detected with an anti-GFP (magenta) prior to cell permeabilization. Cellular 618 

and bacterial DNA DNA was stained with DAPI (cyan). Scale bars, 10 μm. (B) Quantification 619 

of surface E-cadherin using anti-GFP immunostaining. Average intensity of regions of interest 620 

corresponding to transfected cells was measured. Data in B represents individual values (dots) 621 

(n > 20 cells per condition) and the mean (magenta line) ± SEM of independent experiments. 622 
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P-values calculated by two-tailed Student’s t-test. ****P < 0.0001; ns, not significant. 623 

Fig. 5 GAS affects E-cadherin trafficking and translocation of GAS through Nga. 624 

(A) HaCat cells were infected with GAS strains for treated with BFA for 6 h, fixed and 625 

immunostained with anti-E-cadherin (green) and GM130 (magenta). Cellular and bacterial 626 

DNA DNA was stained with DAPI (cyan). Scale bars, 10 μm. (B) Western blotting of 627 

indicated proteins in GAS-infected HaCat cells (6 h). (C) Caco-2 cells were grown on 628 

Millicell filters and then infected with GAS strains at an MOI of 10 for 6 h. Bacterial 629 

translocation was expressed as a percentage of GAS recovered from medium beneath the 630 

monolayer at 6 h after infection. Data in C represents individual values (dots) and the mean 631 

(magenta line) ± SEM of independent experiments. P-values calculated by two-tailed 632 

Student’s t-test. **P < 0.01, ***P < 0.001; ns, not significant. 633 

Fig. 6 GAS inhibits IL-8 secretion process through SLO and Nga. 634 

(A) Differentiated THP-1 cells were infected with GAS JRS4 strains for 4 h, fixed, and 635 

immunostained with GM130 (magenta). Cellular and bacterial DNA was stained with DAPI 636 

(cyan). Scale bars, 10 μm. (B and C) Non-primed (B) or LPS-primed (C) differentiated 637 

THP-1 cells were infected with GAS strains for 4 h. Supernatants were analyzed for the 638 

secretion of IL-8 by ELISA.  639 

 640 

Supplementary Fig. 1 GAS infection induces the fragmentation of the Golgi and 641 
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mitochondria. 642 

HeLa cells were infected with GAS JRS4 for 4 h, fixed, and immunostained with indicated 643 

antibodies. 644 

Supplementary Fig. 2 Inhibition of apoptotic signal does not suppress the Golgi 645 

fragmentation during GAS infection. 646 

HeLa Bcl-2-expressing cells were infected with GAS JRS4 for 4 h, and immunostained for 647 

GM130. The percentages of cells showing Golgi fragmentation were quantified. Data in C 648 

and E represent individual values (dots) (n > 20 cells per condition) and the mean (magenta 649 

line) ± SEM of independent experiments.  650 

Supplementary Fig. 3 GAS NIH35 strain induces the Golgi fragmentation in a SLO- and 651 

Nga-dependent manner. 652 

HeLa cells were infected with NIH35 strains for 4 h, and immunostained for GM130. (B) The 653 

percentages of cells showing Golgi fragmentation were quantified. Data in B represents 654 

individual values (dots) (n > 20 cells per condition) and the mean (magenta line) ± SEM of 655 

independent experiments. 656 

Supplementary Fig. 4 GAS NIH35 strain induces the Golgi fragmentation in a SLO- and 657 

Nga-dependent manner. 658 

HeLa cells treated with cytD were infected with GAS JRS4 for 3 h. Cells were 659 

immunostained for GM130. The percentages of cells showing Golgi fragmentation were 660 
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quantified. Data represent individual values (dots) (n > 20 cells per condition) and the mean 661 

(magenta line) ± SEM of independent experiments. 662 

Supplementary Fig. 5 Confocal images of control condition in RUSH assay. 663 

HeLa cells expressing Streptavidin-KDEL and SBP-EGFP-E-cadherin were infected with 664 

GAS strains. Cells were then fixed and the surface E-cadherin was detected with an anti-GFP 665 

(magenta) prior to cell permeabilization. Cellular and bacterial DNA was stained with DAPI 666 

(cyan). Scale bars, 10 μm. 667 

Supplementary Fig. 6 GAS infection induced the Golgi fragmentation in Caco-2 cells. 668 

Caco-2 cells were non-infected or infected with JRS4 GAS for 4 h, and immunostained for 669 

GM130. Scale bars, 10 μm. 670 
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